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Quantum corrected effective action for gravity contains massive spin-2 ghost degrees of freedom and admits
a topological term which couples longitudinal vector degrees of freedom of the massive spin-2 to Maxwell’s
electromagnetism. We argue that in the presence of otherwise unobservable gravimagnetic poles this topological
term induces an electric charge on a black hole which can be probed through the associated electric and magnetic
fields. In particular, we discuss the electromagnetic follow up from the LIGO-sensitive charged black hole binary
coalescence due to the synchrotron radiation from the surrounding plasma and the shadow of super-massive
charged black holes.
I. INTRODUCTION
The quantum nature of matter inevitably implies modifica-
tion of the Einstein theory of General Relativity (GR). The
radiative effects of virtual particles lead to the higher pow-
ers of the Riemann and Ricci curvature terms to be induced
in addition to the Einstein-Hilbert term in the quantum cor-
rected effective action for gravity [1]. These corrections em-
body new degrees of freedom describing massive scalar and
massive ghost spin-2 particles in the effective low-energy de-
scription. Within string theory, such modification of GR is
expected to be significant only at minuscule Planckian scales
[2] and hence is unlikely to be observable by any classical
measurement in the foreseeable future. Within the semiclassi-
cal gravity approach, the effects are not very prominent either
and the constraints from the available experimental data are
rather mild [3].
In Ref. [4], it has been argued that the massive spin-2 field
may modify the GR black hole solution by inducing a quan-
tum hair [5]. This type of hair is not detectable by classical
measurements based on local interactions, but rather through
a quantum interference effect. Subsequently, one of us has
shown that classically unobservable gravimagnetic monopole
hair of the massive spin-2 field could couple to the electro-
magnetic field via a topological term. Such interactions then
induces an electric charge onto a black hole which can be de-
tected by measuring the associated long range electric field.
This effect is reminiscent of the Witten effect [7], a mag-
netic monopole acquiring an electric charge in the presence of
a topological electromagnetic theta-term. The crucial differ-
ence though is that the monopole gravimagnetic field is unob-
servable, unlike the field produced by the magnetic monopole.
In this work we would like to further explore this topological
mechanism for black hole charging and investigate potential
astrophysical manifestations of this phenomenon.
According to the black hole no-hair conjecture [11], a
generic black hole carries only mass, angular momentum and
electric charge. For astrophysical black holes, however, the
electric charge is believed to be negligibly small, since no ef-
ficient mechanism for charging is known. Indeed, if the black
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hole acquires its charge by the accretion of charged matter,
the accretion stops whenever the attractive Newtonian force is
counterbalanced by the repulsive Coulomb force. This results
in the limit on the accreted charge Q:
q ≡ |Q|√
GM
≤ m|q|MP ∼ 2.6·10
−19
( m
1 GeV
)( e
|q|
)
, (1)
whereM is the black hole mass, m and q are the mass and the
charge of the accreted matter particles, e =
√
4piα ≈ 0.303
and MP ≡ 1/
√
G ≈ 1.2 · 1019 GeV is the Planck mass.
In the above numerical estimation we have assumed the ac-
creted particles to be protons, m = mp ≈ 1 GeV, q = e.
Alternatively, if a charged black hole were formed by the col-
lapse of matter with a sizeable charge, it undergoes a rapid
discharge due to the conductive ambient plasma. Conserva-
tively, the charge accretion rate is given by the Eddington for-
mulae, d|Q|dt =
32pi
3 
GMm3p
α2
|q|
m [for the Eddington accretion
the radiativity is  = 1/10]. Thus, the discharge time,
τ ' 4.3 · 10−10
(
m
mp
)(
e
|q|
)(q
1
)
s , (2)
is extremely fast even for the extremal black holes (q = 1)
when the elementary charge carrier particles are assumed to
be protons (m = mp, q = e). This constraint can be some-
what relaxed if plasma around the black hole is populated by
a stable massive particles carrying very small electric charge,
see Ref. [10].
Finally, the equilibrium neutral plasma conspiring of pro-
tons and electrons around the black hole gets polarized due to
the proton-electron mass difference [8, 9]. The accumulated
(negative) charge on the black hole is again very small:
q =
mp −me
2eMP
' 1.4 · 10−19 . (3)
The above considerations imply that the electric charge
of astrophysical black holes are constrained to be tiny, q .
10−19. Such a small charge cannot manifest in any signifi-
cant way in astrophysical observations and hence astrophys-
ical black holes are commonly regarded as being electrically
neutral.
None of the above-discussed constraints, however, are ap-
plicable to the topologically charged black holes proposed in
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2this paper, since the topological interactions are unaffected by
the local dynamics. Therefore, a priori large topologically in-
duced electric charge (q ∼ O(1)) could actually be carried
by black holes. This phenomenon then may manifest in astro-
physical observations as will be discussed below.
The rest of the paper is organised as follows. In the next
section we describe the topological charging of black holes
within the so-called black hole membrane paradigm [12, 13].
We explicitly solve for the black hole spacetime by carefully
choosing the membrane boundary term that accounts for the
hidden gravimagnetic charge. We confirm that the solution
formally is the ReissnerNordstrm spacetime, but with non-
zero electric charge homogeneously distributed near the black
hole horizon. This charge is entirely determined by the cou-
pling of the topological term and the otherwise unobservable
gravimagnetic charge. In sec. III we discuss two potential as-
trophysical manifestations of the induced electric charge. The
first is the unconventional dynamics of charged black hole
binaries and the second is the modified black hole shadow
caused by the electric charge. The final sec. IV is reserved
for conclusions.
II. INDUCED ELECTRIC CHARGE VIA A
TOPOLOGICAL TERM
A. Quadratic gravity, massive spin-2 and topological
interactions with electromagnetism
Let us start by recalling the basics of quadratic gravity. The
most general diffeomorphism-invariant action of gravity with
up to the quadratic in curvature terms has the form 1:
S =
∫
d4x
√−g
[
R
16piG
+ βR2 + γRµνRµν
]
, (4)
where β and γ are the dimensionless parameters. The
quadratic in curvature terms in (4) embody extra propagat-
ing degrees of freedom beyond the massless graviton of GR
attributed to the massive scalar and the massive spin-2 fields.
In this paper we are not interested in the additional scalar de-
gree of freedom and to remove it we impose the condition:
4β = −γ. To make the massive spin-2 degrees of free-
dom manifest we introduce an auxiliary tensor field piµν and
rewrite the action (4) in an equivalent form:
S =
∫
d4x
√−g
[
R
16piG
+ piµνΠµν − 1
4β
piµνpiµν
]
, (5)
where Πµν = Rµν − 14gµνR. The Euler-Lagrange equa-
tion for piµν obtained from (5) implies piµν = 2βΠµν . This
substituted back into (5) gives the original action (4) with
γ = −4β. This alternative form of the action for quadratic
gravity makes it immediately clear that the vacuum black hole
1 A possible term proportional to the square of the Riemann tensor,
RµνρσRµνρσ , can be eliminated using the Gauss-Bonnet identity.
solutions (Rµν = R = 0) of GR, such as the Schwarzschild
solution, are also automatically solutions of quadratic gravity
with piµν = 0.
We would like to extend the above action (5) by adding
a topological term which couples quadratic gravity to
Maxwell’s electromagnetism. To this end let us decompose
the traceless tensor field piµν into a divergenceless and trace-
less tensor p˜iµν (∂µp˜iµν = 0) field and a 4-vector Bµ field:
piµν = p˜iµν + ∂µBν + ∂νBµ. (6)
The topological term we are after then has the form:
Stop =
∫
d4x αµνρσFµνBρσ , (7)
where Fµν = ∂µAν − ∂νAµ is the electromagnetic field
strength, Bµν = ∂µBν − ∂νBµ and α is a coupling constant.
Note that the topological term (7) does not contain the metric
tensor and does not influence the dynamics of local dynamical
degrees of freedom. However, it can modify global solutions
of quadratic gravity, the Schwarzschild solution in particular,
as is shown below.
B. Membrane paradigm and topologically induced electric
charge
The existence of an event horizon is a defining property
of black holes. Mathematically it is defined as a (2+1)-
dimensional null boundary hypersurface inside which light
cones tip over and time coordinate becomes spatial. How-
ever, physically it is undetectable by means of any local mea-
surement and the description of physical phenomena often
have trouble accommodating the event horizon. Therefore,
for astrophysical applications the membrane paradigm has
been developed [12], where instead of the event horizon a
(2+1)-dimensional time-like hypersurface (stretched horizon)
located just outside the event horizon is considered. The
stretched horizon has a non-singular induced metric and thus
provides a more tractable boundary for external fields. Fur-
thermore, the equations governing the stretched horizon rep-
resent a very good approximation to those for the true horizon
[12]. We adopt here this treatment of black holes and follow
the formalism of Ref. [13].
The formalism refers to the physics relevant for an observer
outside the black hole horizon. The corresponding dynamics
is thus determined by varying the part of the total action re-
stricted to the spacetime outside the black hole, Sout. This ex-
ternal action, however, is not stationary by itself unless bound-
ary conditions are fixed at the stretched horizon. Hence, to ob-
tain the correct equations of motion Sout must be augmented
by boundary terms defined at the stretched horizon (in addi-
tion to the familiar Gibbons-Hawking term at infinity, which
is not explicitly shown here):
S = Sout + Sboundary . (8)
3For the problem at hand we have:
Sout =
∫
d4x
√−g
[
R
16piG
− 1
4
FµνF
µν+
α√−g 
µνρσFµνBρσ
]
, (9)
Sboundary =
∫
d4x
√−gδ(r − rh)JµAµ , (10)
where r = rh is the position of the stretched horizon and the
boundary current reads as
Jµ = Fµνnν − 4αµνρσBνρnσ (11)
[nµ is an unit vector normal to the stretched horizon]. In the
above equations (9) and (10) we have assumed piµν = 0 in ac-
cord with the vacuum black hole solution in quadratic gravity.
Triviality of spin-2 tensor field piµν does not exclude, how-
ever, the non-trivial gravimagnetic solution:
Bθφ = −qgm
2
sin θ , (12)
where qgm is the charge of the gravimagnetic pole. This lo-
cally unobservable gravimagnetic pole induces electric charge
on the ab initio neutral black hole via the ‘secrete’ topological
interaction (7). Indeed, this can verified explicitly by adopting
the spherically symmetric ansatz for the metric,
ds2 = A(t, r)dt2 −B(t, r)dr2 − r2dθ2 − r2 sin θdφ2 (13)
and solving the equations of motion obtained from the field
variations of the action (8). The relevant equations followed
from the variation with respect to the electromagnetic 4-vector
potential Aµ are:
∂0F
10 = 0, (14)
∂1F
01 + F 01∂1 ln
(√
ABr2
)
=
Qδ(r − rh)
4pir2
, (15)
where Q ≡ qmα. The first Eq. (14) implies that the radial
component of the electric field is static, while Eq. (15) gives
the solution:
F 01 =
C√
ABr2
+
Q
4pir2
(
AB|r=rh
AB
)1/2
, (16)
where C is the integration constant, which we set C = 0,
since the black hole without the topological term is assumed
to be electrically neutral. The electromagnetic scalar potential
then reads:
A0 =
Q
4pir
(
AB|r=rh
AB
)1/2
, (17)
and the vector potential ~A = 0.
The explicit form of the metric functions A and B is ob-
tained from the Einstein equations:
Rµν − 1
2
gµνR = κ
[
TEµν + T
B
µν
]
, (18)
where TEµν =
1
4gµνF
αβFαβ − FµαFνα is the stan-
dard electromagnetic energy-momentum tensor and TBµν =
(JµAν + JνAµ − gµνJαAα) δ(r − rh) is the boundary
energy-momentum tensor. Namely, we find:
A = 1/B = 1 +
D
r
+
GQ2
r2
, (19)
where B = 1/A. By fixing the integration constant D =
−2GM through the black hole mass M , we obtain the Reiss-
nerNordstrm metric for the black hole exterior. The key dif-
ference with the electro-vacuum ReissnerNordstrm solution is
that the topologically induced black hole charge Q = qgmα
is distributed on the stretched horizon, just outside the black
hole. As for the ReissnerNordstrm black hole, we require the
induce charge
q ≡ Q√
GM
≤ 1 , (20)
where the inequality is saturated by the extremal black hole
solution. The topologically induced charge (20) is entirely
defined by the charge of a gravimagnetic pole qgm and the
topological coupling α, and can be much larger than charge
accumulated due to the local interactions, see Eqs. (1) and
(3). Furthermore, as this charge is sourced by a classically
unobservable [4] gravimagnetic pole via topological interac-
tions (7), no local dynamical process can affect it. There-
fore, we would like to conclude that stable black holes with
a large electric charge (20) can theoretically exist. Astrophys-
ical black holes with a significant electric charge may have
interesting observational manifestations which we discuss in
the next section.
III. ASTROPHYSICAL MANIFESTATIONS OF THE
INDUCED ELECTRIC CHARGE
A. Electromagnetic radiation from the charged black hole
binary coalescence
Up until recent times, studies of charged astrophysical
black holes attracted a limited number of attention because
of the common belief that black holes in astrophysical set-
ting are essentially neutral. After the discovery of gravita-
tional waves from the binary black hole coalescence, there
was an increased interest in charged black holes, largely mo-
tivated by the initial reports [14] on the apparent electromag-
netic counterpart of the mergers of two black holes. In partic-
ular, it has been pointed out in [15] that the magnetic dipole
radiation could account for the apparent short gamma-ray
bursts (GRBs) accompanying the merger of two black holes
if at least one of the black holes carries the electric charge
q ∼ 10−5−10−4, while smaller charges q ∼ 10−9−10−8 can
4explain the origin of the mysterious fast radio bursts (FRBs)
[17]. In [16] the authors suggested that rotating black holes
with a large enough charge can be responsible for FRBs. Sub-
sequently, it has been noted in [18] that for charged black hole
binaries, dominant radiation may come in the form of electric
dipole radiation. Other recent related studies include Refs.
[10, 19–23]. These studies show that a sizeable black hole
charge, exceeding the standard limits (1, 3) by several orders
of magnitude, is required to be responsible for the observable
electromagnetic follow up. Such large black hole charges can
be thought as being induced through our topological mecha-
nism.
Some of the previous studies, however, were focused on
charged black hole coalescence in empty space, while the
astrophysical black holes are actually immersed in the in-
terstellar plasma. In fact, the interstellar plasma frequency
ωplasma ≈
√
e2ne/me ' 18 kHz
(
ne/0.1cm
−3)1/2 is an
order of magnitude larger than the anticipated frequency of
the electromagnetic radiation from the coalescence of charged
black holes with masses in the LIGO range ∼ 10 − 30 M.
The interstellar plasma, therefore, is not transparent for such
low frequency radiation. Furthermore, the Debye length of
the interstellar plasma, λD =
√
Te/e2ne ∼ O(10m), is much
smaller than the typical distance between binary black holes
(& 100km). This implies that the electrostatic Coulomb po-
tential between charged black holes is Debye-screened by the
surrounding plasma and thus does not contribute significantly
to the dynamics of binaries and their electric dipole radiation
must be suppressed.
Here we make estimations about the synchrotron electro-
magnetic radiation of plasma electrons moving in the mag-
netic field of coalescing charged black holes. To this end, let
us consider two black holes with masses m1,2 and topologi-
cally induced electric charges q1,2 which form a binary sys-
tem. Since these black holes are charged and orbit each other
they carry magnetic moments,
m1,2 =
q1,2
2m21,2
µ2
√
GMa =
q1,2
2m1,2
µ2
√
G2Ma , (21)
which are directed perpendicular to the coalescence plane. In
Eq. (21)M = m1+m2 and µ = m1m2/M is the total and the
reduced masses of the binary system respectively, and a is the
distance between black holes. Note that we have ignored here
the electrostatic Coulomb interactions between charged black
holes, since as has been pointed out earlier these interactions
are Debye-suppressed in the surrounding plasma. Therefore,
the orbital period T = 2pia3/2(GM)−1/2 (in the Newtonian
circular orbit approximation) and the orbital decay is deter-
mined by the attractive gravitational force. Since the photon
is effectively massive in plasma, the generated magnetic field
is confined in the narrow region around the orbit. We can then
estimate the magnitude of the magnetic field of the binary as:
B =
|m1 + m2|
4pia3
=
Gµ2M1/2
8pia5/2
(
q1
m1
+
q2
m2
)
(22)
This magnetic field can indeed be very strong. E.g., for
m1 = m2 = 30M, q1 = q2 = 1 the magnitude of the mag-
netic field at a ≈ GM is B ≈ 1.4 · 1012 T which is of some
three orders of magnitude stronger than the quantum critical
magnetic field Bc = m2e/e ≈ 4.41 · 109 T and comparable
with the typical magnetic field of magnetars. Note that for bi-
naries of oppositely charged black holes with q1m2 = −q2m1
the magnetic field (22) gets cancelled out.
The charged particles (electrons) of the interstellar plasma
would move on helical trajectories with relativistic velocities
around the magnetic field and emit synchrotron electromag-
netic radiation. Most of the synchrotron radiation is emitted
at the peak critical frequency (at the pitch angle α = pi/2)
which is equal to2:
ωc ' 3
2
γ2maxme
B
Bc
≈ 2.6 · 1013
(γmax
107
)2( B
1012T
)
YHz . (23)
The charged black hole binary luminosity (averaged over the
pitch angle) is:
LCBHB ' 1
9pi
Neγ
2
maxm
2
e
(
B
Bc
)2
≈
9.8 · 1047
(γmax
107
)2( B
1012T
)2(
Ne
8.5 · 1015
)
erg/s,(24)
where we used a somewhat naive estimation of the number of
electrons in magnetosphere: Ne ∼ nea2λD ≈ 8.5 · 1015.
Hence, maximally charged black hole binary in the LIGO
mass range can be a very bright source of ultra-high energy
gamma rays.
Nevertheless, detection of synchrotron radiation from the
black hole binaries as the follow up to the associated gravi-
tational waves is quite a challenging task. The current sensi-
tivity of detectors seems to impose the following limit on the
energy of electromagnetic follow up: E . 1049 erg [24]. Our
estimated luminosity (24) gives a much smaller total radiated
energy. So no limits on the charge of black holes can be set
at present. In this regard, it would be perhaps interesting to
reverse the process and, e.g., search for gravitational follow
up of short GRBs.
It is indeed rather intriguing to speculate that charged black
hole binaries are sources of mysterious short GRBs and FRBs
[15]. Our estimation of the luminosity Eq. (24) falls short
of the typical short GRB luminosity ∼ 1051 erg/s. The syn-
chrotron radiation cannot account for FRBs either. Perhaps
other considerations [15] and [16] aided by our mechanism of
charge generation are more promising in this regard.
The black hole charge also modifies gravitational wave-
forms and in principle can be inferred/constrained from the
precise measurement of the phase of gravitational waves
[10, 23]. However, since the long-range Coulomb interactions
2 In this estimation we ignore time variation of the induced magnetic field,
since the rotational frequency of plasma electrons are much higher than the
frequency of the binary coalescence.
5of black holes are suppressed in the interstellar medium, we
expect that the corresponding modification of waveforms will
be very challenging to observe with current detectors.
B. Shadow of the charged black hole
Photons passing a black hole nearby the horizon are
strongly influenced by the black hole geometry. In particular,
the black hole charge may substantially modify the motion of
photons at small radii, while the charge effect is negligible at
large radial coordinates of photon trajectories.
The critical impact parameter for non-rotating charged
black hole with charge q can be computed as [25]:
lcr =
8q4 − 36q2 + 27 +√−512(q2 − 9/8)3
2(1− q2) . (25)
Note, we require that the black hole charge does not exceed its
extremal value (20), which automatically avoids the issue of
unstable photon orbits occurring for q > 3/2
√
2. The black
hole shadow size then reads:
Dshad = l
1/2
cr
RS
d
, (26)
where RS = 2GMbh is the Schwarzschild radius of the black
hole of mass Mbh and d is the distance to the black hole. One
can observe that the size of the charged black hole is smaller
than the charge of the same mass neutral black hole.
In Fig. 1 we have plotted the shadow size as a function
of charge for the Galactic Centre black hole (shaded band
in the upper panel) and M87 black hole (shaded band in the
lower panel). The masses and distance to those black holes are
(Mbh = (4.1±0.034)·106M, d = (8.122±0.031) kpc) [26]
and (Mbh = (6.5±0.7) ·109M, d = (16.8±0.8) ·103 kpc)
[27], respectively. The most accurate measurement of the size
of the Galactic Centre gives Dshad = 41.3+5.4−4.3 µas (at 3σ
C.L., on day 95) [28]. These experimental values are shown
as the band between horizontal dashed line in the top panel
of Fig. 1. Intriguingly, the data favours a black hole with the
significant near extremal charge, q & 0.8 (see, also [25]). The
expected more accurate measurements by the Event Horizon
Telescope (EHT) [29] may confirm (or falsify) this prelimi-
nary finding.
Recently, the EHT Collaboration have also measured the
size of M87 black hole, Dshad = 42 ± 3 µas [27]. The ex-
perimentally allowed values are shown as the band bounded
by the horizontal dashed lines on the lower panel of Fig. 1.
While the date are consistent with the neutral black hole,
constraints on the charge are very weak, still allowing large
charges q . 0.5− 0.9.
IV. CONCLUSIONS
In this paper we have proposed a topological mechanism
for charging astrophysical black holes within GR with extra
quadratic in curvature terms generically induced through the
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FIG. 1. The shadow size Dshad vs black hole charge q (shaded
regions) for the Galactic Centre (upper panel) and M87 (lower panel)
black holes. The horizontal bands bounded by the dashed lines on
each panel represent the measured sizes of the Galactic Centre [28]
and M87 [27] black holes.
effects of quantum matter. We explicitly demonstrate that an
electric charge is induced on the black hole in the presence of
classically unobservable gravimagnetic pole of the effective
massive spin-2 field that interacts with electromagnetism via
the topological interaction (7). Due to the topological origin
of the induced charge, it cannot be neutralised by the stan-
dard local electromagnetic processes and is only theoretically
bounded by its extremal value.
We have then discussed coalescence of charged black hole
binaries. For binaries in LIGO-mass range immersed in the in-
terstellar medium, the dipole electromagnetic radiation cannot
propagate in plasma and, furthermore, the electromagnetic in-
teractions between two black holes is Debye-screened. The
charged binaries are, however, strong sources of very high
energy synchrotron radiation, and in fact could power short
GRBs. Our estimate indicates, however, that the sensitivity of
current detectors is not enough to identify the electromagnetic
6radiation from LIGO-mass charged black hole binaries as the
follow up of the associated gravitational waves. With the in-
creased accuracy of future multi-messenger observations, one
should be able to establish whether the binaries carry the net
electric charge or not.
We have also considered the effect of the electric charge
on shadows of supermassive black holes. Intriguingly, current
data favour very large q & 0.8 charge for the Galactic Centre
black hole. The measured shadow size for the M87 black hole
is consistent with its electric neutrality, although the current
constraint on the charge is rather weak q . 0.5− 0.9.
In summary, our topological mechanism for the induced
electric charge puts the speculation about sizeable electric
charge of astrophysical black holes on the firm theoretical
ground. This, in turn, provides new perspectives for the de-
tection of a black hole charge in future astrophysical observa-
tions.
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